In this study, we applied structure-based virtual screening techniques to identify natural product or natural product-like inhibitors of iNOS. The iNOS inhibitory activity of the hit compounds was characterized using cellular assays and an in vivo zebrafish larvae model. The natural product-like compound 1 inhibited NO production in LPS-stimulated Raw264.7 macrophages, without exerting cytotoxic effects on the cells. Significantly, compound 1 was able to reverse MPTP-induced locomotion deficiency and neurotoxicity in an in vivo zebrafish larval model. Hence, compound 1 could be considered as a scaffold for the further development of iNOS inhibitors for potential anti-inflammatory or anti-neurodegenerative applications.
Introduction
Nitric oxide (NO) is a short-lived pleiotropic regulator that plays a diverse variety of roles in living organisms. NO controls vascular tone and blood flow by inhibiting vascular smooth muscle contraction and growth, platelet aggregation, and leukocyte adhesion [1] . Moreover, NO mediates mitochondrial oxygen consumption through inhibition of cytochrome c oxidase [2] .
Endogenous NO is produced from L-arginine, oxygen and NADPH, in a series of reactions catalyzed by homodimers of NO synthases (NOS) [3] . There are three isoforms of NOS: endothelial NOS (eNOS), neuronal NOS (nNOS) and inducible NOS (iNOS) [3] . The three NOS isoforms share a common structure that is comprised of two major domains. The N-terminal catalytic domain binds the heme prosthetic group, the substrates L-arginine and oxygen, and the redox cofactor 5,6,7,8-tetrahydrobiopterin (H 4 B), and is linked via a calmodulin-recognition site to a Cterminal reductase domain that contains binding sites for NADPH, FAD and FMN. Aided by the heme group, electrons are transferred from NADPH to oxygen, via the cofactors FAD and FMN [4] . A structural zinc atom exists at the interface region of NOS dimers, and its coordination to two cysteine residues of each subunit has been proposed to stabilize dimer formation [5] .
eNOS and nNOS are constitutive enzymes regulated by the levels of Ca 2+ and calmodulin within the cell [6] . On the other hand, iNOS activity is Ca 2+ -independent, and its expression can be up-regulated in macrophages and other tissues in response to inflammatory signals. Sustained induction of iNOS activity can lead to the enhanced formation of reactive intermediates of NO, which can cause DNA damage, inhibit DNA repair, modify cell signaling, and promote proinflammatory and angiogenic activities of the cell [7] . Furthermore, the overproduction of NO by iNOS in the brain has been implicated in the development of Parkinson's disease, which is characterized by the slow and progressive degeneration of dopaminergic neurons in the substantia nigra [8] .
Nature provides a diverse cornucopia of bioactive substructures and motifs for the medicinal chemist [9] . Historically, natural products have represented an important source of molecular scaffolds for the development of new drugs. For example, Newman and Cragg have shown that of the 175 small molecules approved for the treatment of cancer since the 1940s, 85 (48.6%) of these were either natural products themselves or derived directly from natural products [10] . However, the shift towards high-throughput screening technologies in the pharmaceutical industry over the past few decades has somewhat tempered the enthusiasm for natural product chemistry, whose structures were deemed too complex and whose extracts too dirty to be compatible with the highly automated drug discovery methodologies that were developed [11] .
Meanwhile, virtual screening has emerged as an efficient technique for the rapid identification and optimization of potential hit compounds [12] [13] [14] [15] [16] [17] . Virtual screening allows the remarkable structural diversity and fascinating molecular architecture exhibited by natural products to be harnessed in an efficient and inexpensive manner [18] [19] [20] . For example, non-binders can be predicted in silico, reducing the need to isolate or synthesise large quantities of natural products or their analogies. Furthermore, issues associated with bioassay-guided fractionation and dereplication of natural product extracts can be effectively bypassed. Based on these ideas, we sought to apply structure-based virtual screening techniques to identify natural product or natural product-like inhibitors of iNOS.
Materials and Methods

Molecular Docking and Virtual Screening
Model construction.
i)
The initial model of iNOS was built from an X-ray co-crystal structure of the monomeric oxygenase domain of murine D114 iNOS complexed with an inhibitor (PDB: 1DD7) [21] , using the molecular conversion procedure implemented in the ICM-pro 3.6-1d program (Molsoft) [22] . ii) Hydrogen and missing heavy atoms were added to the receptor structure, and atom types and partial charges were assigned.
iii) The model was subjected to local energy minimization to identify the optimal position by using the conjugate gradient algorithm and analytical derivatives in the internal coordinates.
High throughput molecular docking.
i)
Over 90,000 natural product or natural product-like compounds from the ZINC natural product database were docked to the molecular model of iNOS in silico. Molecular docking was performed using the virtual library screening (VLS) module in the ICM-Pro 3.6-1d program (Molsoft). ii) Each compound in the library was assigned the MMFF3 force field atom types and charges and was then subjected to Cartesian minimization. During the docking analysis, the ligand was considered flexible and the binding pose and internal torsions were sampled by the biased probability Monte Carlo (BPMC) minimization procedure, which involved local energy minimization after each random move. iii) Each compound was docked to the protein complex binding pocket, and a score from the docking was assigned to each compound according to the weighed component of the ICM scoring function described below. Each compound was docked three times to ensure the convergence of the Monte Carlo optimization, and the minimum score of each ligand from the three independent docking experiments was retained and used for ranking. ICM full-atom ligand-receptor complex refinement and scoring.
According to the ICM method [23] , the molecular system was described using internal coordinates as variables. Energy calculations were based on the ECEPP/3 force field with a distance-dependent dielectric constant. ii) The BPMC minimization procedure was used for global energy optimization. The BPMC global-energy-optimization method consists of 1) a random conformation change of the free variables according to a predefined continuous probability distribution; 2) local-energy minimization of analytical differentiable terms; 3) calculation of the complete energy including nondifferentiable terms such as entropy and solvation energy; 4) acceptance or rejection of the total energy based on the Metropolis criterion and return to step (1). iii) The binding between the small molecules and iNOS were evaluated with a full-atom ICM ligand binding score from a multireceptor screening benchmark as a compromise between approximated Gibbs free energy of binding and numerical errors. The score was calculated by: S bind = E int + TDS Tor +E vw +a 1 E el +a 2 E hb +a 3 E hp +a 4 E sf , where E vw , E el , E hb , E hp , and E sf are van der Waals, electrostatic, hydrogen bonding, and nonpolar and polar atom solvation energy differences between bound and unbound states, respectively. E int is the ligand internal strain, DS Tor is its conformational entropy loss upon binding, T = 300 K, and a i are ligand-and receptor independent constants. The calculated binding score of -31.74 reflects the strong interaction between compound 1 and the iNOS binding site.
Materials
Griess reagent system was purchased from Promega. LPS was purchased from Merck Millipore. MTT (3-(4,5-dimethylthiazolyl)-2,5-diphenyltetrazolium bromide) was purchased from SigmaAldrich (Germany). MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) and L-deprenyl (Selegiline) were purchased from SigmaAldrich (Germany).
Griess Assay
Raw264.7 cells were seeded at a density of 10 6 cells/well in a 24-well plate, and incubated for 12 h. Compounds or vehicle was added to the cells at the indicated concentrations. After 15 min, LPS (1 mg/mL) was added to each well, and the cells were incubated for a further 18 h. The level of NO production was evaluated using the Griess method.
MTT Assay
Raw264.7 cells were seeded at a density of 10 5 cells/well in a 96-well plate and incubated overnight at 37uC. Compounds or vehicle was added to the cells at the indicated concentrations. The cells were incubated for 18 h. MTT (3-(4,5-dimethylthiazolyl)-2,5-diphenyltetrazolium bromide) was added to each well, and the cells were incubated for a further 4 h. DMSO was added to solubilize formazan. The absorbance at l = 570 nm was measured by a microplate reader. The IC 50 values of the compounds were determined by the dose dependence of the surviving cells after exposure to the compounds for 16 h.
Fish Maintenance
Wild-type zebrafish were used in this study. Embryos were collected after natural spawning, staged according to standard criteria, and raised synchronously at 28.5uC in embryo medium (13.7 mM NaCl, 540 mM KCl, pH 7.4, 25 mM Na 2 HPO 4 , 44 mM KH 2 PO 4 , 300 mM CaCl 2 , 100 mM MgSO 4 , 420 mM NaHCO 3 , pH 7.4). No additional maintenance was required as the embryos receive nourishment from the attached yolk. Ethical approval for Zebrafish Locomotion Assay 1 dpf zebrafish embryos were co-incubated with 250 mM MPTP and compound 1 or L-deprenyl at the indicated concentrations for 3 days. Zebrafish larvae at 4 dpf were transferred into 96-well plates (1 fish/well and 12 larvae/group). Zebrafish behavior was monitored and those fish showing signs of excessive stress reaction to handling (such as rapid and disorganized swimming or immobility for 2 min) were discarded. The experiments were performed in a calm sealed area. The larvae were allowed to habituate to the new environment for 30 min. Behavior was monitored by an automated video tracking system (Viewpoint, ZebraLab, LifeSciences). The 96-well plates and camera were housed inside a Zebrabox and the swimming pattern of each fish was recorded for 10 min. Three 10-minute sessions was recorded for each fish. The total distance moved was defined as the distance (in mm) that the fish had moved during one session 
Whole-mount Immunostaining with Antibody against Tyrosine Hydroxylase
Zebrafish at 1 dpf were co-incubated with MPTP (250 mM) and L-deprenyl (20 mM) or the indicated concentrations of compound 1 for 48 h. Whole-mount immunostaining in zebrafish was performed as previously described by Zhang et al. [24] . Briefly, zebrafish were fixed in 4% paraformaldehyde in PBS for 5 h. Fixed samples were blocked (2% lamb serum and 0.1% BSA in PBST) for 1 h at room temperature. The samples were incubated with mouse monoclonal anti-tyrosine hydroxylase (TH) antibody (Millipore, Billerica, MD, USA) overnight at 4uC. On the next day, samples were washed six times with PBST (each wash lasted 30 min), followed by incubation with Alexa Fluor 488 goat antimouse antibody. After staining, zebrafish were flat-mounted with 3.5% methylcellulose and photographed. Semi-quantification of the area of TH + cells was assessed by an investigator, unaware of the drug treatment, using Image-Pro Plus 6.0 software (Media Cybernetics, Silver Spring, MD). Results are expressed as percentage of area of TH + cells in untreated normal control groups. Statistical analysis of TH density was performed with 10 fish in each group. Statistical analysis was performed using ANOVA and Dunnett's test.
Analysis of NOS Protein Expression by Western Blotting
The protein expression of nNOS, eNOS and iNOS was examined in HepG2 cells. Cells were treated with the indicated concentrations of SMT and compound 1 (1 or 5 mM) for 12 h. 1610 6 HepG2 cells were washed three times with cold PBS, resuspended in RIPA lysis buffer, and incubated on ice for 30 min. The cell debris was then centrifuged at 16,000 rpm for 30 min at 4uC. Sample protein content in the supernatant was determined by spectrophotometric assay (BCA Protein Assay Kit, Pierce, IL, USA). Equal protein amounts were electrophoresed on an 8% SDS-PAGE and transferred to a PVDF membrane. The membranes were incubated in 5% milk at room temperature for 1 h. After blocking of nonspecific binding sites, the membranes were incubated at 4uC overnight in 5% milk containing one of the following antibodies: rabbit polyclonal antibody against nNOS (diluted 1:500, Cell Signaling Technology), eNOS (diluted 1:500, Cell Signaling Technology) or iNOS (diluted 1:500, Cell Signaling Technology). After washing with Tween-PBS (PBST), the membranes were incubated in 5% milk containing a goatantirabbit IgG-HRP (sc-2030, Santa Cruz Biotechnology) at room temperature for 2 h. After washing with PBST, expressions of NOS were detected by enhanced chemiluminescence (ECL).
Results
High-throughput Virtual Screening of Natural Product or Natural Product-like Library
We constructed the initial model of iNOS from the X-ray cocrystal structure of the monomeric oxygenase domain of murine D114 iNOS complexed with the inhibitor N-[(1,3-benzodioxol-5-yl)methyl]-1-[2-(1H-imidazol-1-yl)pyrimidin-4-yl]-4-(methoxycarbonyl)-piperazine-2-acetamide (the ''acetamide'') (PDB: 1DD7) [21] using ICM-pro 3.6-1d (Molsoft) [25] . A chemical library containing over 90,000 natural product or natural product-like compounds (ZINC natural product database) was then docked to the molecular model of iNOS using the Internal Coordinate Mechanics (ICM) method (Molsoft) [22] . The top eight highestscoring compounds ( Figure 1) were obtained based on their availability and accessibility from commercial suppliers. The binding scores of the top eight compounds ranged from -41.595 to -29.786, and their binding scores and docking diagrams are displayed. (Table 1 and Figure S1 ).
Compound 1 was the most Effective at Inhibiting NO Production in LPS-stimulated Macrophages
The ability of the candidate compounds to inhibit iNOS was evaluated in a preliminary cellular assay (Figure 2 ). Raw264.7 macrophages were incubated with compounds (20 mM) or vehicle, and stimulated with lipopolysaccharide (LPS), which triggers the production of NO by iNOS [26] . The levels of cellular NO production by iNOS in the cells was evaluated using the Griess method. The results of the preliminary assay showed that compound 1 was the most effective at inhibiting NO production in LPS-stimulated macrophages, with NO release being reduced to 32% of the negative control value at 20 mM of the compound. Significantly, the level of NO release in stimulated macrophages in the presence of 20 mM of compound 1 was approximately equal to that in the unstimulated cells.
Molecular Modelling Analysis
Molecular modeling was used to investigate the binding mode of compound 1 to iNOS. In the best-scoring binding pose of compound 1 to the active site of iNOS, the NH group of one of the tryptamine units forms a hydrogen bond with the backbone carbonyl group of Met368 ( Figure 3A) . Furthermore, the tryptamine and phenyl rings of compound 1 are located close to the heme prosthetic group and the aromatic side chains of Tyr341, Phe363 and Tyr485, allowing for possible Van der Waals or even p-stacking interactions with those groups. The superposition of compound 1 and the acetamide bound to iNOS as predicted by molecular docking ( Figure 3B) shows that the molecules occupy a similar region of the iNOS binding site.
Compound 1 Inhibited NO Release in Macrophages with Dose-dependent Manner
A dose-response experiment was performed to investigate the potency of compound 1 at inhibiting NO release in macrophages (Figure 4) . The results revealed that as the concentration of compound 1 was increased, the level of NO production in Raw264.7 cells diminished (IC 50 = 2.47 mM). Furthermore, the potency of compound 1 was comparable to the positive control Smethylisothiourea sulfate (SMT) (IC 50 = 2.06 mM) in a side-by-side comparison. We reason that the ability of compound 1 to block LPS-induced NO production in macrophages could be likely attributed to the inhibition of iNOS activity by compound 1 in cellulo.
Compound 1 is Relatively Non-cytotoxic
We next performed the MTT assay to evaluate the cytotoxicity of compound 1 towards Raw264.7 cells ( Figure 5 ). The IC 50 value of compound 1 against Raw264.7 cells was estimated to be . 80 mM, as growth was only reduced by 14% at the highest concentration of compound 1 (80 mM) tested. This result revealed that compound 1 is relatively non-toxic towards cells.
The Effect of Compound 1 on the Expression of NOS Isoforms
The effect of compound 1 on the expression of NOS isoforms in HepG2 cells was examined by Western blotting. The results showed no change in iNOS, eNOS or nNOS expression in cells treated with compound 1 or SMT (up to 5 mM) for 12 h (Figure 6 ). This suggests that the iNOS inhibitory effects of compound 1 in cellulo are not mediated by a decreased in the level of NOS isoforms in the treated cells.
Compound 1 Reversed MPTP-induced Locomotor Deficiency
Zebrafish embryos at 1 dpf were co-incubated with 250 mM of the neurotoxin MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) and the indicated concentrations of compound 1 for 3 days (Figure 7) . The monoamine oxidase B inhibitor L-deprenyl, which protects against MPTP-induced neurodegeneration in vivo [27] , was used as a positive control. The results showed that the administration of MPTP to zebrafish larvae resulted in a 59% decrease in locomotor activity. Co-incubation of the larvae with 20 mM of L-deprenyl partially reversed MPTP-induced locomotor deficiency, with the total distance travelled over 10 min reduced by 34% compared to the negative control. Encouragingly, compound 1 exhibited a dose-dependent attenuation of MPTPinduced locomotor deficiency in the zebrafish larvae. At 25 mM of compound 1, the locomotor activity of the fish was reduced by only 27%. These data suggest that compound 1 was able to partially reverse locomotor deficiency induced by MPTP in a zebrafish model.
Compound 1 Attenuated MPTP-induced Neurotoxicity, with TH
+ Density Reduced
To further investigate the neuroprotective effect of compound 1 in zebrafish, we visualized the morphology of dopaminergic neurones in the larval brains by immunostaining of tyrosine hydroxylase (TH) (Figure 8 ). TH activity is important for dopamine synthesis in the brain, and dysregulation of TH activity contributes to Parkinson's disease [28] . Zebrafish treated with MPTP showed a 72% reduction in TH + immunostaining compared to the untreated control group. Administration of larvae with 20 mM of L-deprenyl partially attenuated MPTPinduced neurotoxicity, with TH + density reduced by 23% compared to the negative control. Significantly, compound 1 displayed a dose-dependent alleviation of MPTP-induced neurotoxicity, with TH + staining reduced by only 26% at a concentration of 25 mM. We propose that the neuroprotective effect of compound 1 in zebrafish larvae may be attributed, at least in part, to the inhibition of iNOS by compound 1 in vivo, resulting in the protection of dopaminergic neurons in the brain and the attenuation of MPTP-induced locomotor deficiency.
Discussion
NO is generated by phagocytes as part of the human immune response, and contributes to the cytotoxic activity of macrophages [29] . However, excessive NO production can lead to numerous pathological processes, such as macrophage-mediated immunity, cancer and neurodegenerative diseases [30] . In particular, the overproduction of NO by the sustained induction of iNOS activity in the brain can lead to Parkinson's disease [8] . Hence, this has stimulated the development of a variety of iNOS inhibitors ( Figure 9 ). L-NIL [31, 32] and its prodrug SC-51 [33] act as mimics of the natural substrate L-arginine. Additionally, the quinazolinamine AR-C102222 displayed strong efficacy in an adjuvant-induced rat arthritis model [34] . Inhibitors targeting iNOS dimerization, such as 2-(imidazol-1-yl)pyrimidines [21, 35] , have also been discovered through combinatorial chemistry.
The combination of virtual screening and natural products represents a powerful synergy for the cost-effective identification of bioactive molecules [18] [19] [20] . Therefore, we applied a molecular docking approach to identify inhibitors of iNOS from a database of over 90,000 natural products and natural product-like compounds, using a molecular model constructed from the Xray co-crystal structure of the monomeric oxygenase domain of murine D114 iNOS complexed with a small molecule inhibitor (PDB: 1DD7 [21] ). From the high-throughput virtual screening campaign, the eight highest-scoring compounds were purchased based on their commercial availability. A preliminary assay revealed that compound 1 was the most effective at inhibiting NO production in LPS-stimulated macrophages.
The structure of compound 1 contains two tryptamine moieties linked by a phenyloxalamide-type bridge. In mammals, endogenous tryptamines such as serotonin and melatonin were initially characterized as neuromodulatory or neurotransmitter agents in the brain [36] . Some endogenous tryptamines exhibit anti-oxidant and anti-inflammatory activities [37] . The synthetic anti-convulsive and anti-nociceptive N-salicyloyltryptamine (STP), which also contains the benzoyltryptamine fragment found in compound 1, was shown to reverse several redox and inflammatory parameters induced by LPS in Raw264.7 cells [38] , though it had no effect on nitrite accumulation. A close analogue of compound 1, containing an amide linkage instead of an oxalamide bridge, was reported as an antagonist of the CCK1 receptor [39] . To our knowledge, no biological activity of compound 1 has been reported in the literature.
The binding of the acetamide to the iNOS monomer, occupying part of the L-arginine binding site, was hypothesized by Devlin et al. to allosterically disrupt protein-protein interactions between the monomer units, leading to inhibition of dimerization [21] . Given that compound 1 is predicted to occupy a comparable region of the iNOS binding site compared to the acetamide ( Figure 3B ), this may be a possible mechanism of action by which compound 1 exerts its anti-iNOS effects. In addition, one of the tryptamine units of compound 1 is located snugly in a small hydrophobic pocket formed by the heme group, the side chain of Phe363 and the side chain of Val346, which is a binding interaction that is observed for a number of iNOS ligands [40, 41] . Furthermore, the ability of the phenyl ring of compound 1 to form possible p-stacking interactions with the heme group may be an important feature contributing to its binding potency, as hypothesized for a series of selective iNOS inhibitors reported by Cheshire et al. [42] . The NH group was compound 1 was also predicted to form a hydrogen bond with the backbone carbonyl group of Met368. By comparison, a reversed hydrogen bonding interaction involving Met368 was observed in the X-ray crystal structure of the known iNOS inhibitor 3-bromo-7-nitroindazole with iNOS, where the nitro group of the molecule interacts with the amide group of Met368 [43] .
In a dose-response experiment, the level of NO production in stimulated Raw264.7 macrophages decreased as the concentration of compound 1 was increased, confirming that compound 1 is able to block LPS-induced NO production in living cells. Furthermore, an MTT assay revealed that compound 1 is relatively non-toxic towards Raw264.7 cells. Importantly, this data showed that the anti-iNOS activity of compound 1 could achieve at benign concentrations of the compound. Compound 1 also had no effect on iNOS, eNOS or nNOS expression in HepG2 cells, suggesting that its iNOS inhibitory activity is not mediated by a decreased in NOS expression.
The neurotoxin MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) up-regulates iNOS activity, leading to dopaminergic neurodegeneration in a murine model of Parkinson's disease [44] . iNOS-deficient mice were almost completely protected from MPTP-induced toxicity [45] . Treatment of adult or larval zebrafish with MPTP resulted in pronounced reduction in locomotor activity [46, 47] . Rubenstein et al. have demonstrated that the toxicity of MPTP on dopaminergic neurons in zebrafish larvae is mediated by the same pathways that have been characterized in mammals [48] . Therefore, we were interested to determine whether compound 1 could protect against MPTPinduced neurotoxicity in zebrafish larvae.
In the in vivo zebrafish larvae model, compound 1 partially reversed locomotor deficiency induced by MPTP in a dosedependent manner. Furthermore, compound 1 could block MPTP-induced neurotoxicity, as revealed by a reduction in TH + staining. Notably, compound 1 displayed comparable potency to the positive control compound L-deprenyl. These results suggest that compound 1 can protect against dopaminergic neurodegeneration induced by MPTP in the brain, which could be attributed, at least partially, to the inhibition of iNOS by compound 1 in vivo.
In conclusion, we have identified a natural product-based inhibitor of iNOS by structure-based virtual screening. Compound 1 inhibited NO release in Raw264.7 macrophages stimulated by LPS, and partially reversed MPTP-induced locomotor deficiency and neurotoxicity in a zebrafish larval model. These data suggest that compound 1 could be considered as a promising scaffold for the further development of iNOS inhibitors for potential antiinflammatory or anti-neurodegenerative applications.
